The determinants of discrepancies among two-dimensional echocardiographic (2D-E) methods for left atrial volume (LAV) assessment are poorly investigated.
Introduction
Left atrial (LA) enlargement is an independent marker of adverse cardiovascular outcome. 1 -4 Accurate estimation of LA size is therefore of major clinical importance in both research and daily practice. Two-dimensional echocardiographic (2D-E) methods for the assessment of LA volume (LAV) are known to provide more reliable estimates of true LA size than simple linear measurements, as they take into account the tendency of LA chamber to enlarge in an asymmetric fashion. 5 Moreover, maximal LAV was shown to be superior to LA diameter for the prediction of clinical outcomes in different populations. 6 -8 LAV can be estimated by 2D-E using three different methods: the ellipsoid model, the area-length (AL) method, and the modified Simpson's rule. 9, 10 Previous studies showed that the concordance among different 2D-E techniques used to quantify maximal LAV is suboptimal, reporting a trend towards larger discrepancies across methods with increasing LA size. 11 -14 However, the determinants of these discrepancies have not been adequately investigated. In particular, the hypothesis that LA geometry, rather than LA size, may be a major determinant of differences among methods has never been tested. In addition, although two studies investigated the concordance between single-plane and biplane methods, 13, 14 both these analyses compared the single-plane approach of a method with the biplane approach of a different method. Thus, the concordance between the single-plane and biplane applications of the same method (AL or modified Simpson's rule) is still to be assessed. Lastly, the categorical agreement between methods in identifying the degree of LA enlargement, according to the new partition values for LAV index given by the recent American Society of Echocardiography (ASE)/European Association of Cardiovascular Imaging (EACVI) updated recommendations for cardiac chamber quantification, 10 has not been assessed.
This study aimed at exploring the clinical and echocardiographic determinants of discrepancies between different 2D-E methods for the estimation of maximal LAV in a population with a wide range of LAV. We particularly focused on LA geometry and developed a theoretical model to predict the impact of LA geometry indexes on volumetric discrepancies between methods. We then tested these indexes as determinants of discrepancies by multivariable regression models adjusting for confounding variables. Predictors of differences between the single-plane and biplane approaches of the same method were also analysed. Lastly, the agreement between methods in identifying LA enlargement degree according to the new recommended cut-off values was explored.
Methods

Study population
Three different groups of patients, consecutively evaluated in our echocardiographic laboratories, were pooled for this study. Groups 1 and 2 included 282 healthy subjects and 180 athletes (age range 7 -84 years), all in sinus rhythm, prospectively enrolled in a recent study aimed at assessing differences in indexed LAV between healthy individuals and competitive athletes. 15 Group 3 included 151 consecutive patients affected by uncomplicated systemic hypertension with preserved ejection fraction (EF) (.50%), normal wall motion score index, sinus rhythm, and no evidence of other cardiovascular or systemic disease. In accordance with current European Society of Cardiology (ESC) criteria, the diagnosis of hypertension in this group was based on average blood pressure ≥140/90 mmHg obtained in more than two visits, or as antihypertensive therapy in subjects with a documented history of hypertension. 16 The total study population included 613 patients. All subjects underwent a targeted history, clinical examination, elcetrocardiogram, and comprehensive Doppler echocardiography. Body surface area (BSA), body mass index (BMI), blood pressure, and heart rate were calculated using standard procedures. The study was conducted in accordance with the Declaration of Helsinki, and all subjects gave their consent.
Echocardiography
Studies were performed using commercially available ultrasound systems (Vivid 7, GE Healthcare, Milwaukee, WI, USA). Left ventricular (LV) dimensions and mass were determined from parasternal views. 9, 10 LV volumes and EF were assessed by the modified biplane Simpson's rule. Indexes of LV inflow were obtained by standard pulsed Doppler from the apical four-chamber view. Pulsed tissue Doppler imaging of long-axis LV motion was performed by placing a 5-mm sample volume at the junction of ventricular septum and lateral LV wall with the mitral annulus. Peak systolic (s ′ ), early diastolic (e ′ ), and late diastolic (a ′ ) annular velocities were obtained by averaging values measured at the septal and lateral sites. The ratio between peak early diastolic transmitral flow velocity and average e ′ (E/e ′ av ratio) was used as an estimate of LV filling pressure. 17 LAV measurements ( Figure 1) LAV was estimated using the ellipsoid model (LAV Ellips ), the AL method (LAV AL , single-plane and biplane), and the modified Simpson's rule (LAV Simps , single-plane and biplane). All measurements were performed at end-systole, defined as the frame immediately preceding the mitral valve opening. Three volume measurements were obtained for each method and averaged. Care was given to obtain multiple dedicated apical views aimed at maximizing LA area (i.e. not cine-loops stored for LV assessment), with optimal definition of LA wall and no foreshortening. 9, 10, 18 For the measurement of LA area, LA endocardial border was manually traced excluding the confluences of the pulmonary veins and the LA appendage. A straight line connecting the two sites of the mitral annulus was used as the inferior border of LA area outline. LA length was drawn perpendicularly to the midpoint of the mitral annular plane. 19 A difference between LA lengths in the four-chamber and twochamber view ≤5 mm was used as a quality control to minimize foreshortening, and for the AL method the shortest length between four-and two-chamber views was used. 9, 10 According to the new classification proposed by the updated 2015 chamber quantification recommendations, 10 normal LAV indexed to BSA was defined as ,34 mL/m 2 , whereas LA enlargement was classified using a three-step scale as mild (35- ). To better evaluate the impact of this new classification on the concordance between methods, categorical agreement was also explored using the old 2005 classification. 9 As previously reported, to take into account the capability of the LA chamber to be more spherical or in opposite to be enlarged mainly in the longitudinal axis, the ratio of LA length to the average of medial -lateral diameter (MLD) and anteroposterior diameter (APD) was used as an index of LA eccentricity. 20 To standardize measurements and minimize variability between different centres, all examinations were prospectively performed according to a predefined protocol. 21 
LA geometry indexes
Starting from the standard formulas of the methods for LAV measurement, we developed a mathematical model predicting the discrepancies in LAV between different methods (details are reported in the Supplementary data online, Appendix). The analysis suggests that two easy-to-calculate indexes of LA geometry could play a major role in affecting the observed discrepancies: (i) the MLD/APD ratio (where MLD in the four-chamber view and APD in the parasternal long-axis view), i.e. ratio of the two LA minor-axes; (ii) a factor calculated as the ratio between the area measured in the apical four-chamber view and that of a theoretical regular ellipse having the same diameters [deviation from ellipse (DE)-coefficient]. From a pathophysiological point of view, the MLD/APD ratio accounts for the asymmetrical expansion of LA chamber along its two minor-axes, whereas the DE-coefficient defines the degree of elliptical curvature of LA borders by expressing the observed variability of LA shape in the four-chamber view, ranging from atrial chambers with approximately elliptical shapes to LA chambers resembling rounded, rectangular shapes ( Figure 2 ). On the basis of these predictions, we included the MLD/APD ratio and the DE-coefficient among the variables tested in regression analysis.
Comparison with three-dimensional echocardiography
To obtain a comparison of 2D-E methods with real-time threedimensional echocardiography (3D-E), we considered an additional group of 30 consecutive subjects (age 47 + 18, 53% women) with relatively wide range of LAV (37 -115 mL using the AL method, 34 -105 mL using the Simpson's rule, and 31 -87 mL using the ellipsoid method), previously included in an analysis aimed at exploring the reproducibility of 3D-E cardiac volumes. Real-time 3D-E imaging was performed using a Philips IE 33 with QLab Advanced software (Philips Medical Systems), equipped with an X3 matrix array probe. Image acquisition for the calculation of LAV by 3D-E (LAV 3D ) was performed as previously described. 22 Briefly, a wide-angled full-volume acquisition mode was used, recorded over five consecutive cardiac cycles during a single breath-hold from the apical position. The pyramidal volume data were displayed in three different cross-sections-apical four-chamber, orthogonal, and short-axis views-taking special care to include the entire LA cavity within the pyramidal volume. Anatomic landmarks were manually initialized, allowing the software to automatically identify the LA endocardial surface using a deformable shell model. Manual adjustments of the LA surface were performed to include myocardial trabeculae, and to exclude pulmonary veins and LA appendage from LA cavity volume. Measurements were performed in the frame with the largest LA dimension, corresponding to LV end-systole, just before opening of the atrioventricular valves.
Statistical analysis
Data were expressed as mean + SD. Normality was assessed by the Shapiro-Wilk test. Correlations were expressed using the Pearson coefficient. Differences in LAV between methods were assessed by repeated-measure ANOVA. Differences between groups were explored by ANOVA followed by the Scheffé pair-wise comparison test. Bland-Altman analysis was used to explore the agreement between different LAV estimates, considering both absolute and relative discrepancies as continuous variables.
Relative differences between two LAV estimates were computed by dividing the absolute difference to the average LAV value. The concordance in LA enlargement degree was assessed by determining the kappa coefficient and the overall proportion of agreement across methods. Multivariable regression was used to explore the predictors of relative differences between methods. All clinical and echocardiographic variables considered in this study were tested in univariable models for the prediction of discrepancies among methods. could provide similar information when compared with a more timeconsuming method, we also a priori decided (i) to perform this test only for the comparisons between the ellipsoid method and biplane methods, and for those between the single-plane and the biplane approach of the same method; (ii) to exclude from the single predictors testable in this analysis those representing LA measurements not included in the simpler method. Although good reproducibility of LAV in our laboratories was previously reported, 23 for the purpose of this study we assessed intra-and inter-observer reproducibility of LAV estimates obtained using different methods. Image analysis was repeated in a randomly selected sample of 60 subjects (20 per group) by the same primary reader as well as by a second investigator at least 2 weeks later, and the corresponding variability coefficients and intra-class correlation coefficients were calculated. Variability coefficients were computed by determining the mean absolute difference calculated for each pair of measurements, expressed as a percentage of their mean. We also assessed repeatability of each method in a subset of 30 subjects (10 per group). For this analysis, two different echocardiographic image acquisitions were obtained 10 + 2 days apart by the same investigator. Repeat examinations were performed using the same echocardiograph, in the same environment, and at approximately the same time of day. Care was also given to check that hypertensive subjects had not changed therapy between the two examinations. The significance level was set at 0.05, and all tests were two-tailed. All analyses were performed using SPSS for Windows release 13.0 (Statistical Packages for Social Sciences Inc., Chicago, IL, USA).
Results
General characteristics
The study population encompassed a wide range of age, body size, LV dimensions and geometry, and LA size ( Tables 1 and 2 ). LAV and LAV indexed to BSA were progressively smaller when assessed by biplane AL method, biplane Simpson's rule, and the ellipsoid Figure 2 Left panel: the DE-coefficient is the ratio between the area of a closed curve and that of an ellipse with the same diameters. When the figure is a regular ellipse (green area), then by definition DE ¼ 1. For given diameters, the figure can encompass a larger area (DE . 1) if the curvature of its borders is increased (orange sectors), i.e. if the shape deviates from that of an ellipse and tends to a rounded rectangle. Middle: these concepts can be applied to a figure that more realistically reflects LA shape [i.e. a truncated ellipse (green area) where the truncation line corresponds to the mitral plane] to describe its physiological variability for given LA length and MLD. A left atrium whose shape is a regular truncated ellipse already has larger area than the ellipse with the same diameters, so that DE tends to be .1 even if there is no increased curvature (top figure). The DE further increases when there is increased border curvature (often asymmetric) and the left atrium resembles a rounded rectangle (bottom figure) . As a result, the DE reflects the average LA border curvature, defined using that of an ellipse as a comparison reference, providing a measure of the variability of LA shape between a regular ellipse and a rounded rectangle. Right: four-chamber views of patients in whom LA shape resembles a truncated ellipsoid (top) and a rounded rectangle (bottom).
method, respectively. Planimetric LA area in the four-chamber view was larger than that of the ellipse with the same diameters in most patients. These differences were consistently present across all three study groups. Mean values of the MLD/APD ratio and the DE-coefficient in the overall population were 1.24 + 0.17 (range 0.79-1.76) and 1.07 + 0.09 (range 0.80-1.39), respectively.
Ellipsoid model vs. biplane methods
Agreement ( Figure 3A and B) Despite good correlations, LAV Ellips was systematically smaller than biplane LAV AL and biplane LAV Simps , both in absolute (mean differences 219 and 214 mL, respectively) and relative terms, with wide limits of agreement. Left atrial volume (absolute and indexed to body surface area) estimated using the two biplane methods and the ellipsoid model in the overall population and in the three study groups.
Prediction of differences (Table 3) Both the MLD/APD ratio and the DE-coefficient were positively associated with the discrepancy between LAV AL and LAV Ellips , and with that between LAV Simps and LAV Ellips . In multivariable models, the two indexes of LA geometry remained independent predictors. These models explained a large proportion of the variability in 
Prediction of differences (Table 4)
In univariable analysis, the discrepancy between biplane LAV AL and biplane LAV Simps showed a positive association with the DEcoefficient, but was not related to the MLD/APD ratio. 2D-E single-plane vs. biplane approaches Agreement ( Figure 4A and B) Comparing single-plane vs. biplane approaches for each method, high correlations were observed, with the majority of values laying around the identity lines. Mean absolute and relative differences were all near zero. Nonetheless, the 95% limits of agreement were still rather large, approximately encompassing a +15% error around the mean.
Prediction of differences (Table 5)
In multivariable models, BMI and the DE-coefficient were the only independent predictors. BMI was the strongest determinant, accounting for 53.1 and 58.7% of the total variability explained by the two models of Model 1, respectively. After excluding LA geometry indexes from the analysis, BMI remained the only independent predictor.
Agreement in LA enlargement degree
Agreement between methods Suboptimal concordance between methods was observed for the determination of LA enlargement degree, either using the updated 2015 or the old 2005 chamber quantification classification 9, 10 ( Figure 5 ). In particular, using the new classification, reclassification rates ranged from 25% for the comparison between the two biplane methods to 43% for the comparison between the ellipsoid model and the AL method. Since the best predictor of the differences between biplane methods and the ellipsoid model (i.e. the DEcoefficient) was a measurement not included in the simpler method, according to our predefined criteria we tested the ability of the second best predictor (i.e. the MLD/APD ratio) in discriminating subsets with different agreement for the distribution of LA enlargement degree. After stratification of patients according to tertiles of the MLD/APD ratio, the kappa coefficients for the distribution of LA enlargement degree were low across all tertiles (all values ,0.30).
Single-plane vs. biplane approaches The concordance for LA enlargement degree was also suboptimal between the single-plane and biplane approach of the same method, either using the updated 2015 classification (AL: kappa 0. distribution of LA enlargement degree were good in the normalweight group, but decreased among overweight subjects and were only fair among obese subjects ( Figure 6A and B) . Notably, the difference between LA planimetric area measured in the four-chamber view and that obtained in the two-chamber view increased with BMI category (normal-weight, 0.01 + 1.5 cm 2 ; overweight, 0.06 + 1.8 cm 2 ; obese, 0.58 + 1.8 cm 2 , P ¼ 0.0009), whereas the discrepancy between LA length in the two apical views was similar in the three groups (0.5 + 1.5, 0.3 + 2.0, and 0.2 + 1.7 mm, respectively; P ¼ 0.25).
Discrepancies within the study groups
The discrepancies among methods observed in the overall population were consistently found in all three study groups ( Table 6) . Notably, absolute and relative differences between methods were larger in the athletes and in the hypertensive subset when compared with the healthy subjects, whereas differences between the single-plane and the biplane approach of the same method were larger in hypertensive patients in comparison with the other two subsets.
Reproducibility and repeatability
Intra-observer variability coefficients and intra-class correlation coefficients were 5.9% and 0.94 for the ellipsoid model, 5.3% and 0.96 for the biplane AL method, and 5.1% and 0.96 for the biplane Simpson's rule, respectively (P , 0.0001 for all). The corresponding values for inter-observer analysis were 8.4% and 0.90 for the ellipsoid model, 7.4% and 0.92 for the biplane AL method, and 7.1% and 0.93 for the biplane Simpson's rule (P , 0.0001 for all).
The variability coefficients and intra-class correlation coefficients for repeatability analysis were 7.9% and 0.88 for the ellipsoid model, 6.5% and 0.92 for the biplane AL method, and 7.4% and 0.90 for the biplane Simpson's rule, respectively (P , 0.0001 for all).
2D-E vs. 3D-E
In the group studied by 3D-E, all 2D-E methods systematically underestimated LAV in comparison with 3D-E. Mean absolute difference with LAV 3D was 28.4 + 6.2 mL for biplane LAV AL , 212.7 + 6.9 for biplane LAV Simps , and 226.9 + 12.2 mL for LAV Ell , corresponding to mean relative differences of 210.0, 215.9, and 232.5%, respectively. In multivariable analysis, the MLD/APD ratio and the DE-coefficient independently predicted the LAV AL -LAV 3D difference (b ¼ 0.321 and 20.262, P , 0.0001 for both). The MLD/ APD ratio was also independently associated with the LAV Simps -LAV 3D difference (b ¼ 0.227, P , 0.0001), whereas the DEcoefficient was also an independent predictor of the LAV Ell -LAV 3D difference (b ¼ 20.235, P , 0.0001).
Discussion
Volume-based assessment of LA by 2D-E is currently recommended to quantify maximal LA size since it has been shown to provide prognostic information in patients with several cardiovascular diseases and in the general population. 1 -4,24 -27 However, discrepancies have been reported by different 2D-E methods in assessing LAV. 11 -14 In this study, we explored the role of multiple potential determinants of discrepancies among 2D-E methods to assess maximal LAV in a prospectively recruited study cohort including healthy individuals, competitive athletes, and clinically uncomplicated hypertensive patients over a wide range of LA size and age. We observed relevant discrepancies among them, consistently present in the overall population as well as across all three study groups. Notably, as a novel contribution, our data suggest that LA geometry, rather than LA size, may be the strongest determinant of these discrepancies. On the basis of a mathematical analysis of different 2D-E method formulas, we hypothesized that two different aspects of LA geometric remodelling could play a major role in affecting such differences, namely, the tendency of LA shape to deviate from that of a regular ellipsoid and the different degree of enlargement along the two LA minor-axes. Our findings confirmed this hypothesis, since the indexes expressing these two characteristics of LA remodelling-the MLD/APD ratio and the DE-coefficient-were both major determinants of discrepancies between methods in our population. Interestingly, LA eccentricity-an index that quantifies the tendency of the left atrium to be more spherical or in opposite to enlarge predominantly along the supero-inferior axis-was not associated with any difference between methods. In addition, we found that BMI was the main determinant of the smaller discrepancies between the single-plane and biplane applications of each method. These results were still evident after indexing for BSA, leading to suboptimal concordance between methods for the determination of LA enlargement degree with relatively high reclassification rates, and to acceptable agreement between the single-plane and biplane approaches of the same method only among normal-weight subjects. All these findings suggest that the criteria for normalcy of LA size should not be considered interchangeable among different methods. 28 
Determinants of differences among methods
Although previous studies 11 -15 have described the differences among recommended 2D-E methods in assessing maximal LAV, to our knowledge this analysis is the first to provide evidence that LA geometry, rather than LA size, is the main determinant of such inconsistencies. The potential role of non-regular LA geometry in affecting differences between 2D-E methods has been hypothesized by previous studies. 12, 18 By a purposely built model of the key geometric factors involved in this effect, we demonstrate that two indices of LA geometry affect mismatches among methods. In multivariable analysis, the MLD/APD ratio (expressing the proportion between the two LA minor-axes) and the DE-coefficient (reflecting the variability of LA shape and border curvature in the four-chamber view, for given values of its length and medial -lateral dimension) are the strongest independent predictors of the differences between the biplane methods and the ellipsoid model, together accounting for a large proportion of the variability in these discrepancies. This suggests that smaller LAV values obtained by the ellipsoid method in comparison with biplane methods substantially reflect both a predominant tendency of the LA to asymmetrically enlarge along the medial -lateral axis rather than the Figure 4 Continued.
anteroposterior one, and the common echocardiographic finding that LA chamber shape in the four-chamber view often deviates from a regular ellipse, resembling a rounded rectangle in many patients. In our study group, BMI is the only non-geometrical predictor of all differences among methods also after indexing for BSA, with the only exception of that between biplane AL and Simpson's rule. Neither age nor gender is associated with gaps among methods in our population, whereas the effect of LAV on these differences disappeared in multivariable models including geometric indices.
It is also worthy of note that, when tested against 3D-E, the biplane AL method performed better than the other two 2D-E techniques. The mean underestimation using biplane LAV AL was 28 mL, when compared with an average error of 213 mL using the biplane Simpson's rule and of 227 mL using the ellipsoid method. Interestingly, the LAV AL -LAV 3D difference showed strong and independent associations with both the MLD/APD ratio and the DE-coefficient. This is consistent with the expected strict influence of LA geometry on the AL method, and suggests that the underestimation of biplane LAV AL in comparison with 3D-E might be more evident for LA chambers with asymmetric dimensions of the minor-axes and with shapes that deviate from that of a regular ellipse.
Determinants of differences between single-plane and biplane approaches
Unlike previous studies comparing the single-plane application of a method with the biplane application of a different one, 13,14 our study systematically compares the single-plane and biplane approaches within each 2D-E method. Despite small average differences in LAV estimation, our concordance analysis shows relatively wide limits of agreement encompassing +10 mL for absolute differences and +15% for relative differences between the single-plane and biplane approach in both the AL method and the Simpson's rule. BMI was a strong determinant of these discrepancies also after indexing for BSA. It can be hypothesized that this association may reflect an inhomogeneous effect of overweight-obesity on LA enlargement across different LA geometrical axes. this regard, it is interesting to note that obese patients in our population showed the highest difference between the LA planimetric area measured in the four-chamber view and that measured in the two-chamber view. We cannot exclude that this finding could reflect the possibility of suboptimal alignment in the obese group, despite the use of a strict criterion aimed at minimizing the discrepancy in LA length (≤5 mm) between the two apical views. Whether the physical constraint of LA anteroposterior expansion in the thoracic cavity between the sternum and the spine may play a role in this regard remains to be established. 9, 13 Regardless of the mechanisms, our data suggest that the agreement between the single-plane and biplane approaches of each method is suboptimal in overweight-to-obese individuals, and that biplane methods should therefore be preferred in these patients.
Clinical implications
Correct 2D-E measurement of maximal LAV plays a major role in general practice and in multiple clinical settings, including comprehensive evaluation of LV diastolic dysfunction, 17,30 diagnostic algorithm of heart failure with preserved ejection fraction, 31 and risk stratification of diverse clinical entities including mitral regurgitation, 32 ischaemic heart disease, 33 and both dilated 34 and hypertrophic cardiomyopathy. 35 In addition, the prognostic relevance of LAV was demonstrated in population studies, regardless of the method chosen for its evaluation. 1, 6, 8, 36 However, the low agreement between methods for LAV measurement in our population supports and expands previous findings 15 claiming for standardization of the measurement of LAV both to warrant accurate communication among healthcare providers and to ensure validity of clinical data on a single-patient basis. Noteworthy, the significant disagreement in LAV consistently found in our hypertensives, healthy subjects, and athletes shows that different 2D-E methods cannot be used interchangeably for either diagnosis or follow-up. Particularly, we also demonstrate that the definition of normalcy is different according to the three different methods, further highlighting that the mutual utilization of each approach leads to a high probability of misclassification. It is also interesting to note that both absolute and relative discrepancies between methods in our population were even larger in athletes and hypertensives than in normal subjects, whereas the discrepancies between the single-plane and biplane approach of the same method were larger in the hypertensive group when compared with the other two groups. These findings may be particularly important for a correct assessment of LV diastolic function according to current ASE/European Association of Echocardiography guidelines, since the differences across methods-and especially the considerably smaller LAV value obtained by the prolate ellipsoid method -can affect a proper grading of LV diastolic dysfunction and a reliable estimation of LV filling pressure in patients with an E/e ′ ratio in the grey zone, where the detection of normal or abnormal LAV according to the cut-off of 34 mL/m 2 plays a major role. 17 On the basis of these considerations, and taking into account the slightly lower reproducibility and repeatability of the ellipsoid method in our population in comparison with biplane methods, our findings might support the use of the AL method or the Simpson's rule, in accordance with current ASE/EACVI recommendations 9,10 and with previous reports highlighting the conceptual flaws of estimating LAV by linear measurements. 37 The biplane AL method, in particular, might provide an estimate of LAV that shows the best agreement with that obtained by 3D-E. Moreover, repeatability was somewhat slightly better for the biplane AL method than for the biplane Simpson's rule, suggesting that this could be considered the first choice for use in clinical practice. Whatever the method used, our data also suggest that method-specific normality ranges should be used to minimize the risk of misclassification. In addition, the evidence of significant discrepancies between the single and biplane applications of each method in the overweight-to-obese subsets indicates that a systematic implementation of biplane approaches may be of particular importance in these individuals. This might be clinically relevant since obesity is an independent risk factor for both atrial fibrillation and heart failure. 38, 39 Finally, considering the relevance of geometrical factors over volume-based assessment of LA size, we suggest that any effort should be made to obtain dedicated apical views purposely aimed at maximizing LA area-i.e. not using views obtained only for LV assessment-since the long axes of the left ventricle and the LA do not lie on the same plane. 9, 10, 15, 18 This may be particularly true in overweight and/or older subjects, as a tendency towards LV-to-LA misalignment and LV apical retroversion is common in these individuals. In this regard, accurate check of the misalignment of the 2D-E cutting planes has been recently shown to affect accuracy of 2D-E assessment of LAV. 18 Although the additional analysis performed in the group studied by 3D-E suggests that the biplane AL method could provide a more accurate estimation of true LAV, we acknowledge that we did not use alternative radiological imaging methods as a reference standard, i.e. computed tomography or cardiovascular magnetic resonance. It is well known that these volumetric methods are more accurate than 2D-E in measuring maximal LAV, and that 2D-E underestimates the volume of the LA as assessed by each of the above techniques, despite a significant, positive correlation. 40 -43 However, it should also be pointed out that when truly volumetric techniques were compared with 2D-derived methods for measuring LAV, such as AL, Simpson's rule, and prolate ellipsoid, the latter method underestimated LAVs even more than the former two, 42 -44 consistently with our findings. The lack of a repeatability analysis aimed at comparing test -retest reliability across 2D-E methods should also be considered in this study. Moreover, we did not take into account the relevance of different ways of drawing the LA length. 19 Lastly, the determinants of discrepancies between methods remain to be determined for the assessment of other LAVs (e.g. minimal LAV, or LAV at the onset of P-wave), which are usually measured to derive 2D indices of LA function.
In conclusion, in a prospectively recruited cohort including healthy individuals, competitive athletes and uncomplicated hypertensive patients, LA geometry, rather than LA size, was the main determinant of the inconsistencies among echocardiographic methods in assessing maximal LAV. BMI was the only clinical predictor of multiple differences among 2D-E approaches, and affected the inconsistencies between single-plane and biplane approaches of each method. These findings may have relevant clinical implications for the assessment of LAV in clinical practice.
